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Purpose: There is sparse evidence on how circadian sleep timing is affected by 5 days on/2 days off school/work schedule. In an in
silico study, we applied a model of sleep-wake regulation to highlight the difference in predictions based on two alternative
explanations proposing either sun time or social time (eg, either solar midday or weekday risetime) as the major contributor to
light entrainment of sleep timing. Self-reported sleep times were then used to confirm these predictions.

Methods: The difference between earlier and later weekday risers in weekend sleep timing their difference in weekday risetime were
compared. This difference in weekday risetime is equal to the sum of differences in sleep phase shift on weekends and sleep loss on weekdays
measured as the differences in weekend risetime and weekend-weekday gap in risetime, respectively. Three sets of samples were used for these
estimations: 87 and 100 paired samples obtained before vs during lockdown and during early vs later school start time (five and three age
subsets, respectively) and 1250 vs 1192 unpaired samples with weekday risetime not earlier vs later than 7 a.m. (five age subsets).

Results: In any age subset, a shift in social time (weekday risetime) caused a shift in weekend sleep phase (weekend risetime) due to
a shift in the 24-h pattern of exposure to light, but this sleep phase shift was less pronounced than the shift in social time.
Conclusion: Both social time and sun time substantially contribute to the light entrainment of circadian sleep timing.

The Plain Language Summary: There is sparse evidence on how the circadian timing of sleep is affected by 5 days on/2 days off
school/work schedule. We applied a model of sleep-wake regulation to highlight the difference in predictions based on two alternative
explanations, proposing either sun time or social time as the major contributor to light entrainment of sleep timing. The sets of samples
for the estimation of these contributions included 87 and 100 paired samples obtained before vs during lockdown and during early vs
later school start time (five and three age subsets, respectively), and 1250 vs 1192 unpaired samples with weekday risetime not earlier
vs later than 7 a.m. (five age subsets). A shift in social time (weekday risetime) associated with a shift in the weekend sleep phase
(weekend risetime) was found in each age subset. It reflected a shift in the 24-h pattern of exposure to artificial and natural light
sources. However, this shift in sleep phase was less pronounced than the shift in social time. Therefore, the shift in social time
(weekday risetime) resulted in an additional loss of sleep on weekdays (weekend-weekday gap in risetime). It seems that the circadian
and homeostatic regulators of the sleep-wake cycle cannot provide full adjustment to early weekday wakeups. Special interventions
might be recommended to increase the contribution of advancing shift of circadian sleep timing at the expense of weekday sleep loss.

Keywords: sleep duration, sleep timing, sleep-wake regulating processes, school start time, lockdown

Introduction

Under natural environmental conditions, endogenous circadian clocks are entrained to the external light-dark cycle with 24-h
period." These entrained clocks interact with the homeostatic drive for sleep to establish the 24-h periodicity of the sleep-wake
cycle.? Therefore, the circadian and homeostatic processes of sleep-wake regulation are expected to be the endogenous
determinants of bed- and risetimes in our species.” However, the bed- and risetimes in the conditions of modern post-industrial
societies can be at odds with those determined by these endogenous sleep-wake regulators. These conditions often require
either advancing or delaying shifts of bed- and risetimes relative to the times determined by the endogenous sleep-wake
regulators. In particular, when adolescents and adults are learning/working on 5 days on/2 days off schedule, they are forced to
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sleep earlier and shorter during days on (eg, weekdays) compared to days off (eg, weekends). Under the unchanged 24-h
pattern of light exposure, the phase of circadian clocks cannot be changed by a shift in risetime in earlier hours or by a shift in
bedtime in later hours.* Therefore, Wittmann et al’ proposed a concept of the conflicting clocks to highlight the problem of
people who, instead of waking up at the time dictated by their internal (biological) clocks, are waking up earlier due to the
demands of their work-rest schedule dictated by the so-called “social clocks”.” If risetimes after ad libitum sleep on days off
can be mostly determined by the biological clocks, risetimes on the preceding and following days on are determined by these
“social clocks”. Consequently, biological clocks fail to compensate for a shift in weekday risetimes on an earlier hour by
a similarly large advancing shift in bedtimes. As a result, sleep duration on weekdays is reduced.’

There is sparse evidence on how the circadian timing of sleep is affected by the common 5 days on 2 days off school/
work schedule. It remains to be elucidated whether social schedules (eg, early school/work start times) are capable to
shift the phase of biological clocks and sleep timing. Two alternative explanations are proposed. They agreed that light is
the primary stimulus that entrains human circadian clocks and sets bed- and risetimes by interacting with the homeostatic
drive for sleep. However, these explanations differ in postulating that either sun time (eg, the sun’s position in the sky) or
social time (eg, early school/work start times) plays a crucial role in light entrainment of the circadian clock governing
the sleep-wake cycle.® Wittmann et al® (the authors of the concept of conflicting clocks) postulated that the natural light-
dark cycle is the major stimulus that entrains human circadian rhythms and that the phase relationship between sun time
(eg, solar midday) and circadian time (eg, the phase of a rhythm-marker of the circadian clock) is relatively stable
throughout the week. Because the sun’s position in the sky remains unaffected during weekend-weekday shifts of rise-
and bedtimes, the sleep-wake cycle becomes unlocked with the circadian clocks on weekdays to return under the control

of these clocks on free days. Consequently, Wittmann et al® and Roenneberg et al’*

postulated that sleep timing on free
days reflects the phase of entrainment of the circadian clock to sun time and it is not affected by early risetimes on the
preceding weekdays.

Although the circadian clocks phase under the unchanged 24-h pattern of light exposure cannot be changed by an
advancing shift in risetime,* such shifts can inevitably cause shifts in this pattern because people living in modern post-
industrial societies have access to artificial light sources at any time of the day. Therefore, an alternative explanation suggests
that although the sun’s position in the sky remains unaffected during weekend-weekday shifts in sleep times, social time can
influence sleep timing by inducing shifts in the 24-h pattern of light exposure, which, in turn, leads to shifts in the circadian
phase and sleep timing.”'® Consequently, the circadian sleep timing can be adjusted to earlier school/work schedule through
the changes in light self-exposure leading to the changes of the circadian clocks phase.®'°

It is of practical importance to answer to the question of which of these two alternative explanations can be supported
by data on sleep duration and timing in real-life situations. The first of these two alternative explanations postulates the
possibility of temporal disorganization of the mechanism of the circadian adjustment to early weekday wakeups and

4,6,7

remarkable loss of sleep on weekdays, while the second explanation postulates the ability of the circadian and

homeostatic regulators of the sleep-wake cycle to rapidly adapt to early weekday wakeups and, therefore, to avoid sleep
loss due to the compensating advance of the circadian sleep timing.>**'°

In the present study, we tried to find out whether the internal body clocks can adjust to early weekday wakeups, or
their response to these wakeups leads to the circadian misalignment and sleep loss. First, we showed in in silico study (ie,
a study that is using a computational model rather than empirical data) that the remarkable differences in predictions
based on the two alternative explanations can be revealed by applying a model of sleep-wake regulation for description
of the response of circadian and homeostatic regulators to earlier and later weekday wakeups. Second, we demonstrated
that these predictions can be fully or partially supported by a comparison of sleep times reported by earlier and later
weekday risers in real-life situations. Recently, we proposed a methodology for estimating the contribution of social time
to the difference in weekend sleep timing on the example of sleep times reported by 4940 university students and
lecturers.!' Therefore, in the present in silico study, we applied one of the versions of the two processes model of sleep-
wake regulation'? to highlight the difference in predictions based on the two alternative explanations of the response of
the sleep-wake cycle to early wakeups. In the following empirical study, we determined which of the predictions came
true by applying the currently proposed methodology for estimation of the contribution of social time to the shifts of
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weekend sleep timing'' to the analysis of three datasets of sleep times reported by earlier and later weekday risers from
13 age subsets.

The following hypotheses concerning the contribution of sun time and social time to sleep timing were tested by
comparing the predictions based on the results of the in silico study with the results of analysis of reported sleep times:

Hypothesis 1. Sun time was the major contributor.
Hypothesis 2. Social time was the major contributor.

Hypothesis 3. Both sun time and social time were substantial contributors.

Materials and Methods

Table 1 illustrates which sleep times can be additional calculated using bed- and risetimes reported on weekdays and
weekends by earlier and later weekday risers. Moreover, the notes in this table explain our recently proposed methodol-
ogy for estimating the contribution of social time to sleep timing.!' In particular, Table 1 illustrates that the difference
between earlier and later risers in social time (measured as the difference in weekday risetime) is equal to the sum of
differences between these risers in sleep loss on weekdays (measured as the difference in weekend-weekday gap in
risetime) and sleep phase shift on weekends (measured as the difference in weekend risetime).

Table | Differences in Sleep Times Reported by Earlier and Later Weekday Risers

Sleep Time and Its Abbreviation Interpretation Reported or Calculated as
Bedtime Weekday WBT)| o Advanced weekday bedtime WBT, o « Or WBT, o, -24
Weekend BT or e Ad lib bedtime (sleep phase) fBT| or ¢ OF BT o -24
Risetime Weekday WRT, o Advanced weekday risetime WRT, o
Weekend fRT) or Ad lib risetime (sleep phase) fRT) or
Time in Weekday WTiB) o Reduced weekday time in bed WTiB) o+ <= WRT) o &-WBT, o/ ¢
Bed Weekend fTiB| or Ad lib time in bed fTiB; or &= fRT; or BT or e
Gap in Bedtime fwBT)| or e Weekday sleep gain fWBT,| or ¢= BT or «-WBT,| o1 ¢
Risetime fwRT,| o Weekday sleep loss fwRT,| o = fRT| or «-WRT| o1 ¢
Time in bed | fwTiB, . Weekday sleep reduction fWTiB, o <= fTiB| o «-WTiB) o
Bedtime Weekday AwBT Bedtime advance - reduced AwBT = wBT,-wBT,
Weekend AfBT Ad lib sleep phase - delayed AfBT = fBT-fBT,
Risetime Weekday AwWRT Risetime advance - reduced AwWRT = wRT-wRT,
Weekend AfRT Ad lib sleep phase - delayed AfRT = fRT-fRT,
Time in Weekday AwTiB Weekday time in bed - less reduced AwTiB = wTiB-wTiB,
Bed Weekend AfTiB Ad lib time in bed - unchallenged AfTiB = fTiBfTiB.= 0
Gap in Bedtime AfwBT Weekday sleep gain - smaller AfwBT = fwBT.-fwBT,
Risetime AfwRT Weekday sleep loss - smaller AfwRT = fwRT.-fwRT,
Time in bed AfwTiB Weekday sleep reduction - smaller AfwTiB = fwTiB-fwTiB,

Notes. Gap-in: Difference in weekend and weekday sleep times. Weekday risetime was either earlier or later (WRT| . ) in
conditions of early and later school start times, respectively, and during and before lockdown, respectively. A: Difference between
sleep times under the two conditions. Printed in bold italic: The model of sleep-wake regulation predicts that, since the duration of
ad lib sleep at night between Saturday and Sunday is endogenously determined, time in bed on weekends (fTiB; o e=fRT or ~fBT; or
e) is expected to be approximately the same after any (eg, either later or earlier) weekday risetime (either wRT, or wRT,,
respectively), and, consequently, the difference between later and earlier risers in weekend time in bed (fTiB and fTiB., respectively)
is expected to be equal to zero, AfTiB = fTiBfTiB. = 0 or AfTiB = fTiBfTiB.= (fRT-fBT,)-(fRT.-fBT,) = 0. Printed in bold: In
accordance with the method of calculation of sleep times and differences between sleep times, the difference in weekday risetime
(AWRT = wRT-wRT,) is equal to the differences in weekend risetime (AfRT = fRT,-fRT,) and weekend-weekday gap in risetime
(AfwRT = fwRT.-fwRT)), AWRT = AfRT + AfwRT. In other words, reduction in advance of weekday risetime (AWRT = wRT-
wRT,) is equal to the sum of weekend delay of sleep phase (AfRT = fRT-fRT,) and reduction of weekday sleep loss (AfwRT =
fwRT.-fwRT)).
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Our in silico study was designed to demonstrate how the proposed methodology provides the possibility to reveal the
difference in predictions based on the alternative explanations of the major role of either sun time or social time in circadian
sleep timing. To highlight such differences in predictions based on these explanations, one of the variants of the two-process
model of sleep-wake regulation'? was applied. This variant proposes a modulation of all parameters of the homeostatic process
described in the classical variant of the two-process model® by the circadian clocks, that is, the circadian process in the

12715 this modulation was

classical variant of the model.? In the present in silico calculations and previous simulations,
incorporated into the model as a simple periodic (sine) function with circadian period. If /1 and #2 are the initial times for the
buildup and decay phases of this process of sleep-wake regulation S(¢), the mechanism of the circadian and homeostatic

regulation of the sleep-wake cycle can be described as follows:

X(t) = X, + C(1)] — {[Xy + C(2)] — X} 5 e~ =)/ [Tb-kC(0)] (1a)
X(t) = X+ C(t)] — {Xu — [X + C(1)]} % e 172/ [Tk (1b)

where
C(t) =Axsinu*1/24 + @) )

is a sine function with a circadian period. Thus, function (2) accounts for the modulation of homeostatic processes by the

12715 this period was assigned to 24.0 h because it is

circadian clocks. In the present calculations and previous simulations,
reasonable to assume that the circadian clocks in daytime learner/workers always remain under control of (ie, are
entrained to) the external light-dark cycle with the 24.0-h period.

The parameters of this model were initially derived by Putilov'* from data on 1) the duration of recovery sleep after
six gradually increasing intervals of extended wakefulness'® and 2) the levels of SWA in 10 naps'’ and two recovery
sleep episodes.'®!'? The simulation of such experimental data provides the possibility of using measurements of relative
slow-wave activity (rfSWA) for calculations of the time course of the process of sleep-wake regulation, S(¢) (1,2). These

13—-15

initial parameters were slightly modified in previously performed simulations and in the present calculations

(Table 2, Figures 1 and 2) to account for the difference between the initially simulated experimental sleep durations'®

and times in bed calculated from self-reported bed- and risetimes on weekdays and weekends.'> !>
Table 2 Comparison of Predictions of the Model Based on Three Hypotheses
Hypothesis I. Sun Time | 2. Social Time | 3. Both Times
Predicted In weekday time in bed AwTiB 0.30 0.00 0.30
Difference In weekend time in bed AfTiB 0.00 0.00 0.00
(A), h In gap in risetime AfwRT 2.00 0.00 2.00
In weekday risetime AwWRT 2.00 2.00 3.00
In weekend risetime AfRT 0.00 2.00 1.00
Calculated Gap in risetime fwRT ~4.00 | ~2.00 | ~2.00 | ~2.00 | ~4.00 | ~2.00
Sleep Weekday risetime wRT 5.00 7.00 5.00 7.00 5.00 8.00
Time, Weekend risetime fRT 897 8.99 6.99 8.99 897 9.99
Clock h Weekday bedtime wBT 2146 | 23.15 | 21.15 | 23.15 | 2146 | 24.15
Weekend bedtime fBT 24.00 | 24.00 | 22.00 | 24.00 | 24.00 1.00
Circadian Circadian phase, clock h Dmax 16.00 | 16.00 14.00 16.00 16.00 17.00
Parameter Circadian amplitude, rSWA A 0.50 0.50 0.50 0.50 0.50 0.50
Of the model | Circadian period, h T 2400 | 24.00 | 24.00 | 24.00 | 24.00 | 24.00
(Continued)
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Table 2 (Continued).

Hypothesis I. Sun Time | 2. Social Time | 3. Both Times
Homeostatic | Highest buildup, rSWA Sd 2.50 2.50 2.50 2.50 2.50 2.50
Parameter Lowest decay, rSWA Sb 0.75 0.75 0.75 0.75 0.75 0.75
Of the model | Upper asymptote, rSWA Su 451 451 451 451 451 451
Lower asymptote, rSWA S 0.70 0.70 0.70 0.70 0.70 0.70
Time constant for buildup, h Tb 24.75 | 2475 | 2475 24.75 24.75 24.75
Time constant for decay, h Td 2.30 2.30 2.30 2.30 2.30 2.30
Twofold circadian impact k 2.00 2.00 2.00 2.00 2.00 2.00

Notes: Upper part: Predictions based on Hypotheses |-3. Middle and lower part: Results of in silico study with the identical model parameters
(see the equations (13, Ib, and 2) and see the abbreviations of sleep times of earlier and later weekday risers in Table ). Hypothesis: Hypotheses
predicting that sleep times in earlier and later weekday risers are determined by 1. Only sun time or 2. Only social time or 3. Both sun and social
time. Predicted difference (A), h: Difference between the sleep times of earlier and later weekday risers (A) predicted by the model. Printed in
italic: Hypothesis 2 does not predict, while Hypothesis | predicts an additional reduction of time in bed on weekdays in earlier risers compared
to later risers. Printed in bold italic: The model predicts that, since the duration of ad lib sleep at night between Saturday and Sunday is
endogenously determined, time in bed on weekends is approximately the same after any weekday risetime, and, consequently, the difference
between later and earlier weekend times in bed is expected to be equal to zero (4fTiB= 0). Printed in bold: The sum of differences in weekend
risetime (AfRT) and its gap (AfwRT) is equal to the difference in weekday risetime (AWRT); in other words, the increase of advance of weekday
risetime (AWRT) is equal to the sum of advance of weekend sleep phase (AfRT) and increase of weekday sleep loss (AfwRT), AWRT = AfRT +
AfwRT; The predictions were: AfRT = 0 and AfwRT > 0 (Hypothesis |), AfRT > 0 and AfWRT = 0 (Hypothesis 2), and AfRT > 0 and AfwRT
> 0 (Hypothesis 3). See Figures | and 2 for illustrations of these predictions of in silico study.

To illustrate the difference in sleep time predicted on the basis of three hypotheses, we calculated hypothetical
weekday and weekend sleep cycles using model parameters (Table 2, Figures 1 and 2) resembling the parameters
obtained in previous simulations of bed- and risetimes on weekdays and weekends.'> Weekend time in bed was rounded
to 9.00 h, and weekend bedtime was set at midnight (Table 2). The following predictions based on three hypotheses were
tested by comparing these predictions with the results of analysis of empirical data:

Predictions based on Hypothesis 1. Despite the weekend-weekday changes in risetime (ie, social time), the shifts in
the circadian phase of weekend sleep are not expected due to the absence of changes in the sun’s position in the sky (ie,
sun time).

Predictions based on Hypothesis 2. Despite the absence of changes in the sun’s position in the sky (ie, sun time), these
shifts in the circadian phase of weekend sleep are expected and these shifts are equal to the weekend-weekday changes in
risetime (ie, social time).

Predictions based on Hypothesis 3 combining Hypotheses 1 and 2. The shifts in the circadian phase of weekend sleep
are expected after changes in risetime (ie, social time), but these shifts are smaller than these changes in risetime.

To test the plausibility of each of three hypothesis, we compared the predictions based on each hypothesis with the
results of analysis of three sets of samples with reported sample-averaged bed- and risetimes on weekdays and weekends
(Table 3). The whole dataset consisting of 2442 samples and subsamples with sleep times on weekdays and weekends

(see Supplementary Tables 1-3) was obtained by extension of the dataset previously collected from the literature and
13-15

used for model-based simulations of sleep times in several previous studies.'> !> The publications include more
details on the process of the collection of sleep times from the literature for this whole dataset of unpaired samples/
subsamples and two datasets of paired samples/subsamples. The content of journal papers with more or less relevant
titles was inspected to determine whether weekday and weekend sleep times were reported (usually in a table). In the
case of publication of sleep times for both controls and patients or for both baseline and experimental conditions, only
a subsample with control (healthy) study participants or a subsample for control condition, respectively, was included.
There were no other exclusion criteria for including a sample/subsample in the dataset. Both sleep times reported for the
whole sample and for its two subsamples (three in total) were included when sleep times were reported separately for
male and female study participants and for morning and evening types. Moreover, sleep times reported only for
subsamples were included when these sleep times were reported for early and later school start times (paired sub-

samples), before and during lockdown (paired subsamples), and different ages (unpaired subsamples). For the present
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Figure | Predictions of three hypotheses for four sleep sleep-wake cycles. Two (wake and sleep) phases of the process of sleep-wake regulation S(¢) are represented by
daily alternations of an inverse exponential buildup phase (1a) and an exponential decay phase (1b) of the 24-h sleep-wake cycle (the homeostatic regulator). The parameters
of S(t) are additionally modulated by circadian clocks (the circadian regulator) represented by a sine-form function with a 24-h period C(¢)(2). Sd(t) and Sb(t): The highest
allowed buildup and the lowest allowed decay of S(t), that is, bedtime and risetime, respectively, which are determined by the endogenous sleep-wake regulating process S(¢)
(1,2). In this model, the sleep-wake regulating process S(¢) (y-axis) was measured as relative slow-wave activity (rSWA). Two time courses of S(¢) computed for four days
(from Friday to Monday, ie, Fr, Sa, Su, and Mo) are depicted to provide comparison of sleep times in the earlier and later weekday risers. Their weekday risetimes (WRT) are
shown for Monday. Since the parameters of S(#) are modulated by the circadian clocks, C(t), the endogenously determined bed- and risetimes were restored during just one
night of ad lib sleep (between Friday and Saturday). Although this ad lib sleep is initiated earlier (ie, on weekday), it is terminated approximately at the same time as in the
following weekend day. To compare the predictions of three hypotheses, six computations were performed using the same model parameters for earlier and later risers
(Table 2, lower part). The computations were based on the hypothesis that sleep times are determined by (A) sun time, (B) social time, and (C) both sun and social time.
(A) The restoration of the endogenously determined bed- and risetimes is not affected by the extent of the advance of wRT relative to the weekend risetime (fRT) because
the sun does not change its position during the transition from weekdays to weekends or vacations. Therefore, Hypothesis | postulating that the sun time determines the
circadian sleep timing predicts that rise- and bedtimes on Sunday are identical after 5 days of any wRT (either at 5:00 or 7:00), and, moreover, bed- and risetimes on
weekends (fRT and fBT) do not differ from bed- and risetimes on vacation with ad lib sleep at any day of the week (vRT = fRT = 9.0 h and vBT = fBT = 24.0 h). (B) Since social
times differ for earlier and later risers (WRT either at 5:00 or 7:00), Hypothesis 2 postulating that these times determine circadian sleep timing predicts that these risers differ
in sleep timing (2.0 h difference in wRT scheduled at 5:00 and 7:00 in the week preceding weekend, and the difference even exists between weekend and vacation). (C) To
combine the two hypotheses, Hypothesis 3 additionally proposes that a larger shift of wRT relative to fRT (4.0 h vs 2.0 h) leads to a larger advancing shift of light exposure,
which, in turn, leads to a larger advance of the circadian clock phase that, in turn, leads to a larger advance of the wake and sleep phases of the sleep-wake cycle on weekdays
and weekends. The circadian phase of the circadian modulation of S(t) process in earlier risers was shifted by one hour relative to the circadian phase in later risers.
Additionally, wRT was adjusted to account for this one-h difference in the circadian phase (WRT at 5:00 and 8:00, ie, 3.0-h rather than 2.0-h difference). It was also expected
that vBT and vRT would be different from fBT and fRT, respectively, due to additional changes in exposure to light after the transition from early weekday wakeups to ad lib
wakeups on any day of the week rather than on only two weekdays. See also two of these four cycles in Figure 2.
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Figure 2 Predictions of three hypotheses for two sleep sleep-wake cycles. Only two of the four sleep cycles (time courses of S(t) for Sunday-Monday, So-Mo) from Figure |
illustrate the differences among the predictions of the three hypotheses. (A) Zero advance of weekend sleep times (fRT and fBT) despite the 2.0-h advance of weekday
risetime (WRT). (B) The advance of weekend sleep times (fRT and fBT) is equal to the 2.0-h advance of weekday risetime (WRT). (C) Advance of weekend sleep times (fRT

and fBT) is equal to 1.0 h because it is equal to the 3.0-h difference in advance of weekday risetime (WRT) minus the 2.0-h difference in gap between weekend and weekday in
risetime (fwRT). See the model’s parameters in Table 2.
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Table 3 Subdivision of Three Sets of Samples with Reported Sleep Times into |13 Age

Subsets
Till Age, Subsets Paired Unpaired
Y
s Set | School Start Lockdown The Whole Set

Earlier or Later | Early | Later | Before | During | <7:00 | >7:00

12 n 17 5 237 211
Mean age, yrs 9.15 8.04 9.06 791

18 n 66 19 579 384
Mean age, yrs 15.10 14.86 14.98 I15.11

25 n 17 21 97 317
Mean age, yrs 21.31 22.13 20.47 21.65

40 n 23 131 162
Mean age, yrs 34.58 335 32.45

700r85 | n 19 206 118
Mean age, yrs 50.46 53.90 52.24

All n 100 87 1250 1192
Mean age, yrs 15.15 29.21 22.64 21.61

Notes: Paired vs Unpaired: Two sets of paired samples with sleep times reported for two conditions, early and
later school start time (School start) and before and during lockdown (Lockdown), vs the whole set of 2442
unpaired samples divided into two subsets with earlier and later weekday risetime, wRT < 7:00 and > 7:00
(1250 and 1192 samples, respectively). Till age, yrs: Age limit for each age subset of samples (eg, age till 12 yrs
is any age till 12.00 yrs, and till 85 yrs is any age after 39.99 yrs); All: The whole set without subdivision into age
subsets; Earlier or Later: Early or Later School start time, Before or During Lockdown, wRT < 7:00 or > 7:00;
n: Number of samples in each of age subsets; Mean age, yrs: Subset-averaged mean age in an age subset of
samples. See Supplementary Tables |1-3 containing the lists of 100, 87, and 2442 samples/samples with four
sleep times (bed- and risetime on weekdays and weekends) and the mean age of the study participants included
in the sample.

analysis, we did not collect any information on such additional characteristics of samples/subsamples as heterogeneity of
age, season, timing of indoor and outdoor light exposure, using artificial lighting devices, cultural and social contexts,
sleep and data quality, etc. Additional information in Supplementary Tables 1-3 is limited to the country of data

collection and authors and year of paper publication.

To demonstrate that the results of testing the study hypotheses are replicable in any age group, mean age reported for
a sample/subsample was used to subdivide each of three sets of samples/subsamples into age subsets. The number of
samples/subsamples per each of these age subsets is given in Table 3. In total, two sets of 100 and 87 paired samples
were included in the subsets with sleep times before vs during lockdown and during early vs later school start time (five
and three age subsets, respectively). The whole set included 1250 vs 1192 unpaired samples with weekday risetime not
earlier vs later than 7 a.m. (five age subsets).

The SPSSy6, statistical software package (IBM, Armonk, NY, USA) was applied for statistical analyses of the
differences between earlier and later risers included in 13 age subsets. Paired t-tests were used to analyze the differences
between paired samples of earlier and later risers (Table 4). One-way ANOVAs with the independent factor “Weekday
risetime” (either not later than or later than 7:00) were run to test the significance of this factor and its size effect
(Table 4, left columns).

The comparison of the model-based predictions with reported sleep times included the testing whether significant
weekday sleep shortening and/or significant weekend sleep phase advancing predicted by the hypotheses 1-3 occurred in
natural settings as the response to weekday risetime advancing. As shown in Table 2 (upper part), Hypothesis 1 predicts
a zero difference between earlier and later weekday risers in weekend sleep timing (as a result, 0 + weekday sleep
shortening = weekday risetime advancing). In contrast, Hypothesis 2 predicts a zero difference between these risers in
weekday sleep shortening (as a result, weekend sleep phase advancing + 0 = weekday risetime advancing). Hypothesis 3

https:
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Table 4 Paired t-Test for Paired Samples and Main Effect of Weekday Risetime for Unpaired Samples

Samples Paired Unpaired
Set of Samples School Start Time Lockdown The Whole Set of Samples
A sleep time Mean | SEM tog Mean | SEM tae Mean | SEM F1/2440 n%p

Bedtime | Weekday 0.56 | 0.05 | 11.0%* | 0.64 | 0.07 | 9.3%* | 075 | 0.05 | 266.8%* | 0.099
Weekend 0.27 | 0.05 | 5.2%% | 0.38 | 0.05 | 8.1 | 067 | 0.05 [ I71.4%* | 0.066

Risetime | Weekday 1.58 | 0.12 | 13.3¥* | 1.09 | 0.09 | 12.2%% | .17 | 0.02
Weekend 0.22 | 0.03 | 6.6 | 0.37 | 0.05 | 7.6%* | 0.65 | 0.05 | 206.5%* | 0.078

Time Weekday 1.02 | 0.09 | I1.5% | 045 | 0.05 | 9.0%% | 042 | 0.04 | 9.1 | 0.036
In bed Weekend 0.04 | 0.05 0.9 0.0l | 0.03 -0.3 0.02 | 0.04 0.2 0.000

Gap Bedtime 0.29 | 0.05 | 5.8%* | 0.26 | 0.06 | 4.5%* | 0.09 | 0.03 11.0%* 0.004
In Risetime 1.36 | O.11 | 12.8%* | 0.72 | 0.08 | 8.8** | 0.52 | 0.04 | 148.5%* | 0.057
Time in bed | 1.07 | 0.10 | 10.8%* | 046 | 0.05 | 9.4** | 043 | 0.03 | 188.9%* | 0.072

Notes: Mean and SEM: Mean set-averaged difference between earlier and later sleep times (A sleep time) and Standard Error of this
Mean; tgg or tge: Student’s t-tests for paired samples. F-ratio for main effect from one-way ANOVAs of the whole set of samples with
the independent factor wRT (weekday risetimes either not later or later than 7:00, <7:00, and >7:00, respectively); n’p: Partial Eta
Squared (effect size). Level of significance for F-ratio t-value: **p < 0.01, ***p < 0.001; F-ratios or t-values or 1?p are printed in bold
italic: Since the effect was statistically non-significant, this is an empirical confirmation of the model’s prediction of approximately
identical times in bed after any (either earlier or later) weekday risetimes, and, consequently, the difference between these risers in time
in bed is very close to zero, AfTiB = fTiB-fTiB.~0. Mean estimates are printed in bold: In accordance with the method of calculating
sleep times, the summation of the difference in weekend risetime (AfRT = fRT,-fRT,) with the difference in gap in risetime (AfwRT =
fwRT.-fwRT)) gives the difference in weekday risetime (AWRT = wRT|-wRT,) or AfRT + AfwRT = AwRT; in other words, the
reduction in advance of weekday risetime (AWRT = wRT-wRT,) is equal to the sum of weekend delay of sleep phase (AfRT = fRT)-
fRT,) and reduction of weekday sleep loss (AfwRT = fwRT.-fwRT,), AWRT = AfRT + AfwRT. See Table | for the interpretations of
sleep times and see Table 3 for the number of samples in the sets of paired and unpaired samples.

predicts a non-zero difference between these risers in both weekend sleep timing and weekday sleep shortening (as
a result, weekday sleep shortening + weekend risetimes advancing = weekday risetimes advancing; Table 2, upper part).
The additional comparisons included the testing of predictions of 1) a zero difference between earlier and later risers in
weekday time in bed (the 2™, but not the 1** and 3™ hypotheses) and 2) a zero difference between these risers in weekend
time in bed (any of the hypotheses; Table 2, upper part).

Results

Figure 3 illustrates sleep times calculated for 13 age subsets of earlier and later weekday risers, and Figure 4 illustrates
the difference between earlier and later risers in these sleep times. In particular, it is shown in Figure 4 that the difference
between earlier and later risers in weekday risetime (social time, AWRT) is equal to the sum of differences between these
risers in sleep loss on weekdays (measured as the difference in weekend-weekday gap in risetime, AfwRT) and sleep
phase shift on weekends (measured as the difference in weekend risetime, AfRT).

As shown in Table 2 (upper part), the prediction based on Hypothesis 1 suggests a zero difference between earlier and
later weekday risers in weekend sleep timing. Therefore, AWRT = AfRT + AfwRT = 0 + 2.0 = 2.0 h, ie, the
2.0-h difference in weekday risetime (ie, social time, AWRT) is explained exclusively by the 2.0-h difference in gap
between weekend and weekday risetime (AfwRT) in Figures 1A and 2A, while AfRT = 0. The earlier risers slept
2.0 h less on weekdays than later risers because the circadian phase of sleep was identical in these risers due to the same
position of the sun in the sky (the sun time; Table 2). Instead, the results on reported sleep times shown in Table 4,
Figures 3 and 4 suggested that AfRT > 0. Therefore, the prediction of Hypothesis 1 was not supported.

In contrast, the prediction based on Hypothesis 2 suggests a zero difference between the earlier and later weekday risers in
weekday sleep loss, AWRT = AfRT + AfwRT = 2.0 + 0 = 2.0 h, ie, the 2.0-h difference in weekday risetime (ie, social time,
AwRT) is explained exclusively in Figures 1B and 2B by the 2.0-h difference in weekend risetime (AfRT), while AfwRT = 0.
The duration of sleep on weekdays was identical in the earlier and later risers because the 2.0-h shift in the circadian phase of
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Figure 3 Sleep times in age subsets of paired and unpaired samples. (A) Bedtimes on weekdays and weekends. (B) Risetimes on weekdays and weekends. (C) Times in bed
on weekdays and weekends. (D) Weekend-weekday gaps in bedtimes and times in bed. (E) Weekend-weekday gap in risetimes.
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Figure 4 Delay of weekend sleep phase as a consequence of delay of weekday risetime. (A and B) The weekend-weekday gap in risetime is equal to the sum of weekend-
weekday gaps in bedtime and time in bed, as illustrated by the percentages of these gaps in a one-hour gap in risetime. Gaps in time in bed, risetime, and bedtime were
interpreted as sleep reduction, sleep loss, and sleep gain, respectively (Table 2). When the time in bed is shorter on weekends than on weekdays (wTiB. or wTiB, < fTiB, or
fTiB), respectively), the reduction in time in bed on weekdays (fwTiB. and fwTiB,, respectively) is a consequence of a larger weekday sleep loss (fwRT, or fwRT,) compared to
weekday sleep gain (fwBT, and fwBT,, respectively), that is, fwTiB= fwRT-wBT, or fwTiB.= fwRT.-wBT,, respectively (Table 2). In accord with the model-based
interpretation of these gaps, the delay of weekday risetime on one h (AWRT = wRT-wRT.= 1.0 h), leads to less than one-h decrease of sleep gain (AfwBT = fwBT,-
fwBT < | but always >0) and less than one-h decrease in sleep reduction (AfwTiB = fwTiB.-fwTiB< | but always >0), ie, AWRT = AfwBT + AfwTiB = 1.0 h. (C) The
difference between later and earlier weekend risetimes (AWRT = wRT|-wRT,) is equal to the sum of differences in weekday sleep loss (AfwRT = fwRT-fwRT,) and weekend
advance of sleep phase (AfRT = fRT-fRT,). (D) Consequently, the one-h difference between later and earlier weekend risetimes (AWRT = wRT-wRT.= 1.0 h) leads to less
than one-h decrease of sleep loss (AfwRT = fwRT-fwRT.< 1.0 h but always >0) and less than one-h advance of sleep phase (AfRT = fRT-fRT.< 1.0 h but always >0), because

their sum is equal to one h (AWRT = AfwRT + AfRT = 1.0 h).
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sleep compensated for the 2.0-h shift in weekday risetime (Table 2). Instead, the results on reported sleep times shown in
Table 4, Figures 3 and 4 suggested that, AfRT > 0. Therefore, the prediction of Hypothesis 2 was not supported.

The predictions based on Hypothesis 3 combine the predictions of two previous hypotheses. Instead of predicting a zero
difference between the earlier and later weekday risers in weekday risetime (AfRT) or the gap in risetime (AfwRT), the
predictions suggest non-zero differences in weekday sleep loss and non-zero differences in weekend sleep timing, AWRT =
AfRT + AfwRT = 1.0 + 2.0 = 3.0 h, in Figures 1C and 2C. Thus, the predictions explain the 3.0-h difference in weekday
risetime (ie, social time, AWRT) by the 2.0-h difference in weekday sleep loss (AfwRT) combined with the 1.0-h difference in
weekend risetime (AfRT). The circadian phase of sleep is expected to be shifted ahead in earlier risers relative to that of later
risers, thus partly compensating for the 3.0-h shift in weekday risetime (Figures 1C and 2C). The earlier risers slept 2.0 h less
on weekdays than later risers despite the more prominent (3.0-h) shift of weekday risetime, AWRT (Figures 1C and 2C).
Thus, these predictions suggest that the same position of the sun in the sky above the heads of the earlier and later risers
prevents a larger advancing shift of sleep timing. This leads to a more profound weekday sleep loss in earlier risers than in
later risers, AfwRT = AWRT-AfRT = 3.0—1.0 = 2.0 h (Table 2). The results on reported sleep times (Table 4) suggested that,
indeed, AfRT > 0 and AfwRT > 0. Therefore, the predictions of Hypothesis 1 were supported. In each of 13 age subsets, the
difference in weekend risetime and the difference in gap between weekends and weekdays in risetime contributed to the
difference in weekday risetime, AfwWRT = AWRT-AfRT. The advance of weekend sleep time (AfRT) and the increase in
weekday sleep loss (AfwRT) in each age subset was larger than zero (Figure 4). As shown in Table 4, the results of analyses
of three sets of samples indicated that the contributions of both AfRT and AfwRT to AWRT were statistically significant.
Therefore, as suggested by Hypothesis 3, both social time and sun time significantly contributed to weekend sleep timing in
any of three sets of samples.

Besides, the model predicts, irrespective of the hypothesis, a zero difference between the earlier and later risers
in time in bed on weekends. Given that the duration of ad lib sleep at night between Saturday and Sunday is
endogenously determined, time in bed on weekends (fTiB) is expected to be approximately the same after any (eg,
either or later) weekday risetime (Table 1 and Table 2). As shown in Table 4, the statistical results supported this
prediction of the model. They suggested that the difference between the earlier and later risers in time in bed on
weekends was non-significant in any of three sets of samples (Table 4 and Figure 4). If this prediction was not
supported by the empirical data (AfTiB <> 0), the difference between earlier and later risers in weekday risetime
(social time, AWRT) cannot be accurately represented by the sum of differences between these risers in sleep loss
on weekdays (measured as the difference in weekend-weekday gap in risetime, AfwRT) and sleep phase shift on
weekends (measured as the difference in weekend risetime, AfRT).

In practical terms, the difference between the shift in weekday risetime (social time) and the shift in weekend
risetime (circadian phase of sleep) suggested that the shift in social time increases sleep loss on weekdays (measured as
the gap between weekend and weekday risetime, AfwRT). Figure 5 illustrates the profound differences between earlier
and later risers in sleep loss and advance in weekend sleep timing. Table 5 illustrates the negative consequences of
earlier risetimes for sleep duration and timing in 13 analyzed age subsets. Compared to later risers, earlier risers were
more frequently included in samples characterized by sleep insufficiency (averaged time in bed < 6.0 h), sleep
curtailment (averaged weekend-weekday gap in risetime > 3.0 h), and sleep displacement (in average, less than
80% overlap between weekend and weekday sleep). Such drastic difference is not predicted by Hypothesis 2, which
suggests that sleep timing can be adjusted to an earlier school/work schedule through changes in light self-exposure,
leading to changes in the circadian phase of sleep. However, the difference would be even larger in accord with the
prediction of Hypothesis 1. In support to the prediction of Hypothesis 3, Table 4 highlights that an advance in sleep
timing partly compensated this sleep loss. Namely, the additional sleep loss was equal to 1.36 h after 1.58-h advance of
weekday risetime during early school start time relative to later time, because 0.22 h were compensated by advance of
sleep timing. The additional sleep loss was equal to 0.72 h after 1.09-h advance of weekday risetime before lockdown
relative to the period of lockdown due to the 0.37-h compensating advance of sleep timing. The additional sleep loss
was equal to 0.52 h after 1.17-h advance of weekday risetime relative to later weekday risetime (after 7:00) due to the
0.67-h compensating advance of sleep timing.
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Figure 5 Fractions of time in bed in |3 age subsets of paired and unpaired samples. (A-E) Comparison of fractions of time in bed for age subsets shown in Figure |. The fractions
are shown relative to weekend risetime after later weekday risetime (WRT)). Given a model prediction of the almost identical risetime after ad lib sleep following any (earlier on
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Table 5 Prevalence of Weekday Sleep Insufficiency, Curtailment, and Displacement

Till Samples (%) with Paired/Unpaired Paired Unpaired
Age, | Prevailing Weekday Set | School Start Lockdown Whole Set
Yrs Sleep ... Earlier or Later | Early | Later | Before | During | <7:00 | >7:00
12 Insufficiency wTiB <6.0 h 0.0 0.0 0.0 0.0 0.8 0.0
Curtailment fwRT >30h | 294 0.0 0.0 0.0 6.3 24
Displacement | (WRT-fBT + 24)/wTiB <08 | II.8 0.0 0.0 0.0 5.1 1.9
18 Insufficiency wTiB <6.0h | 10.6 0.0 0.0 0.0 2.6 0.0
Curtailment fwRT >30h | 712 9.1 26.3 0.0 453 21.6
Displacement | (WRT-fBT + 24)/wTiB <0.8 | 53.0 152 15.8 5.3 31.8 20.6
25 Insufficiency wTiB <6.0 h 0.0 1.8 4.8 0.0 12.4 25
Curtailment fwRT >30h | 294 5.9 9.5 0.0 50.5 4.7
Displacement | (WRT-fBT + 24)/wTiB <08 | 4l1.2 0.0 0.0 0.0 15.5 12.9
40 Insufficiency wTiB <6.0 h 0.0 0.0 0.8 0.0
Curtailment fwRT >30h 0.0 0.0 1.5 1.2
Displacement | (WRT-fBT + 24)/wTiB <0.8 0.0 0.0 6.9 0.6
70 Insufficiency wTiB <6.0 h 0.0 0.0 0.5 0.0
or Curtailment fwRT >30h 0.0 0.0 0.0 0.0
85 Displacement | (WRT-fBT + 24)/wTiB <0.8 0.0 0.0 0.0 1.7
All Insufficiency wTiB <6.0h | 14.0 2.0 1.1 0.0 25 0.7
Curtailment fwRT >30h | 57.0 7.0 8.0 0.0 26.2 8.8
Displacement | (WRT-fBT + 24)/wTiB <08 | 37.0 10.0 34 1.1 17.6 10.7

Notes. Percentage of samples with prevailing weekday sleep insufficiency (WTiB < 6.0 h), sleep curtailment (fwRT > 3.0 h), and sleep displacement
(WRT-fBT(+24))/wTiB or wRT-fBT)/wTiB < 0.8). Paired/Unpaired: Two sets of samples with paired sleep times for the conditions of early and later
school start time (School start) and before and during lockdown (Lockdown), and the whole set of sleep times with earlier (WRT<7:00) and later (WRT
> 7:00) weekday risetimes, respectively (Whole set). Earlier or later: either early or later school start time, either before or during Lockdown, and
either wRT<7:00 or wRT > 7:00, respectively. Percentage of samples with prevailing weekday sleep insufficiency, sleep curtailment, and sleep
displacement was always lower after later than earlier weekday risetimes with the only exception of sleep displacement in the oldest age subset of
the whole sample (printed in bold). See Table 3 for the number of samples in the whole set of paired and unpaired samples and in |3 age subsets,
Table 2 for the interpretation of these sleep times, and Table 4 for other notes.

Discussion

There are conflicting views on the ability of circadian clocks to adjust sleep timing to early wakeups on weekdays. In the
present in silico study, we applied the sleep-wake regulation model to demonstrate the difference between sleep times of
earlier and later weekday risers predicted by two alternative explanations of the roles of sun time or social time in the
light-induced entrainment of the circadian sleep phase. To test the predictions of the model, we analyzed the sleep times
reported for paired samples from the studies of sleep before and during lockdown and early and later school start time,
and for unpaired samples with weekday risetimes not earlier and later than 7 a.m. We calculated the difference between
earlier and later risers in weekday risetime (social time) that is equal to the sum of differences between these risers in
weekday sleep loss and weekend sleep phase measured as the difference in the weekend-weekday gap in risetime and the
difference in weekend risetime, respectively. The results of comparison of predicted and reported sleep times support the
combined explanation that both sun time and social time contribute to light-induced entrainment of the circadian phase
and sleep timing.

Namely, the difference between earlier and later weekday risers was explained in any of 13 analyzed age subsets by
the non-zero difference in sleep loss and the non-zero difference in sleep phase shift. Therefore, the shift in social time
leads to a shift in the 24-h pattern of exposure to artificial and natural light sources, thus causing a shift in circadian and
sleep phases. However, this shift was insufficient to fully compensate for differences between earlier and later weekday
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in sleep loss. Therefore, earlier risers were more frequently than later risers included in samples characterized by sleep
insufficiency, sleep curtailment, and sleep displacement.
Paradoxically, although the artificial light sources can be blamed for the delay of circadian phase observed in people

2021 they, on the other hand, can help to partially reduce this delay by advancing

living in modern postindustrial societies,
the 24-h pattern of light exposure after earlier weekday wakeups. Experimental human studies have confirmed the
substantial influence of wakeup time, likely via associated morning light exposure, on the timing of the human circadian
clock.?>* The findings of these experimental studies were additionally supported by the results of natural experiments
on weekday shifts of risetimes relative to weekend risetimes.>* 2

The results on reported sleep times supported the model-based prediction that, since the duration of ad /ib weekend sleep is
endogenously determined, the time in bed on weekends is approximately the same after any (eg, either later or earlier)
weekday risetime. The present study has practical implications because the confirmation of this prediction of the model allows
the quantitative estimation of the severity of weekday sleep loss. Using sleep times in 13 age subsets as an example of such
estimation, we showed that weekday sleep curtailment was dramatic in many samples. It is well-known that sleep curtailment
has non-negligible consequences on a wide range of outcomes, including performance, wellbeing and health. For instance,

2930 reduced cognitive performance,®' >*

41-43

impaired memory and
44-46

insufficient sleep is associated with diminished productivity,

35-38 39,40

mental disorders, social

57-60

increased absenteeism and risk of accident and work injuries,

50-5 53-56

attention,

. 4 .. 48.4 2 . . . .
withdrawal®’ and suicide,”®* development of cancer, cardiovascular and metabolic diseases, compromised

61763 and, in overall, serious health complications and higher mortality.**®” Such negative effects of early

immune function,
weekday wakeups are not predicted by Hypothesis 1 suggesting that sleep timing can be adjusted to an earlier school/work
schedule through advancing light self-exposure leading to advancing the circadian phase of sleep. Although these negative
effects are predicted by Hypothesis 2 suggesting that the natural light-dark cycle is the major stimulus that entrains human
circadian rhythms, the effects suggested by the present analysis of reported sleep times are not as strong as predicted by this
hypothesis. In agreements with predictions of Hypothesis 3, the shift in the circadian phase of sleep partly compensates the
loss of weekday sleep, but it fails to fully prevent this loss after advancing weekday wakeups. Therefore, the previously

6870y can be recommended to change the ratio between the two terms of the equation of

approved light interventions (eg,
advancing shift of weekday risetime. Since this shift is equal to the advancing shift of circadian sleep phase and the increase in
weekday sleep loss, an appropriately timed exposure to artificial and natural bright light sources can increase the contribution
of the advancing shift of circadian sleep phase at the expense of weekday sleep loss. For instance, earlier and more extensive
morning light exposure combined with earlier termination and less intensive evening light exposure might be recommended
for reduction of weekday sleep loss.

In the present study, we did not evaluate the effect of chronotype on the two components of the response to the
advancing shift of weekday risetimes, weekday sleep shortening and weekend sleep phase advancing. However, our
previous comparisons of sleep times reported by morning and evening types suggested the following absolute and
relative differences in their response. Since the advancing shift of weekday risetimes is larger in evening than morning
types in absolute terms, both weekday sleep shortening and weekend sleep phase advancing are lager in absolute terms in
evening types.”' However, the comparison of those who, being either morning or evening types, wakeup earlier and later
suggested that the responses of these types appear to be similar, ie, they did not differ in the fractions of weekday sleep
shortening and weekend sleep phase advancing in response to the advancing shift of weekday risetimes."'

This study had several limitations. The application of a cross-sectional and non-repeated measures design was one of
the limitations of the results of analysis of the whole set of samples (ie, an earliest riser and a late weekday riser were not
the same person in this dataset). On the other hand, the sizes of two sets of paired (lockdown and school) samples were
relatively small. However, since the predictions of Hypothesis 3 were supported by the results of analysis of any of 13
age subsets, the replicability and generalizability of the present results across different ages cannot be questioned. It
remains to be elucidated whether this result can be also generalized across different cultures and socioeconomic
conditions. Since weekday and weekend bed- and risetimes sleep were self-reported, they may not be accurate and
they might not inform about the profound day-to-day variation in sleep timing and duration. Moreover, sleep timing does
not indicate the phase positions of markers of the circadian phase. Therefore, it does not inform about the phase angle
between the circadian and sleep phases and about possible change of this angle after advancing weekday wakeups.
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However, the lack of information about the phase angle cannot challenge the conclusions of our study (eg, that the
predictions of Hypothesis 3 were reliably supported). The absence of information on socioeconomic status, timing and
variability in light exposure, cultural and social contexts, etc. was also among the limitations of the present study. Future
studies can be aimed on longitudinal evaluation of objectively measured sleep-wake cyclicity with parallel measurements
of the hormonal and physiological indexes of circadian phase position and with accounting for the contribution of
multiple external factors including the contribution of the 24-h light-dark cycle to the response to early weekday
wakeups.

Conclusion

In the present in silico study, the model of sleep-wake regulation was applied to highlight the difference in predictions based
on two alternative explanations of the major contributors to light entrainment of sleep timing, either sun time or social time.
Moreover, we applied the previously proposed method of estimation of the shift in sleep phase on weekends and the loss of
sleep on weekdays in response to the shift in weekday wakeups (social time). In order to determine which of the predictions
came true, three sets of samples were used to provide comparison of the predictions based on the alternative hypotheses with
the reported sleep times. The hypotheses proposing the major contribution of either sun time or social time were not
supported. This implies that the difference in weekday risetime (social time) was not the only contributor to the light
entrainment of the circadian sleep timing. Both social and sun times significantly contributed to this entrainment. Since the
shifts in circadian time for sleep were less prominent than the shifts in social time, earlier weekday wakeups were inevitably
associated with additional losses of weekday sleep. It seems that the circadian and homeostatic regulators of the sleep-wake
cycle cannot provide the full adjustment to early weekday wakeups due to the insufficient advancing shift of the 24-h light-
dark cycle. Therefore, special interventions can be recommended to decrease weekday sleep loss at the expense of
compensating increase of contribution of advancing shift of circadian and sleep phases.
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